Human immunodeficiency virus type 1 (HIV-1) normally assembles into particles of 100 to 120 nm in diameter by budding through the plasma membrane of the cell. The Gag polyprotein is the only viral protein that is required for the formation of these particles. We have used an in vitro assembly system to examine the assembly properties of purified, recombinant HIV-1 Gag protein and of Gag missing the C-terminal p6 domain (Gag ⌬p6). This system was used previously to show that the CA-NC fragment of HIV-1 Gag assembled into cylindrical particles. We now report that both HIV-1 Gag and Gag ⌬p6 assemble into small, 25-to 30-nmdiameter spherical particles in vitro. The multimerization of Gag ⌬p6 into units larger than dimers and the formation of spherical particles required nucleic acid. Removal of the nucleic acid with NaCl or nucleases resulted in the disruption of the multimerized complexes. We conclude from these results that (i) N-terminal extension of HIV-1 CA-NC to include the MA domain results in the formation of spherical, rather than cylindrical, particles; (ii) nucleic acid is required for the assembly and maintenance of HIV-1 Gag ⌬p6 virus-like particles in vitro and possibly in vivo; (iii) a wide variety of RNAs or even short DNA oligonucleotides will support assembly; (iv) protein-protein interactions within the particle must be relatively weak; and (v) recombinant HIV-1 Gag ⌬p6 and nucleic acid are not sufficient for the formation of normal-sized particles.
The assembly of virus particles occurs through the organized multimerization of numerous protein subunits, although in some cases nucleic acid is also required (for a review, see reference 21). In retroviruses, such as human immunodeficiency virus type 1 (HIV-1), a virus-like particle can be assembled in eukaryotic cells from the viral Gag polyprotein. The first step in assembly which is visible by electron microscopy (EM) is the accumulation of Gag proteins into electron-dense patches beneath the plasma membrane of the cell. These patches enlarge and project outward from the cell to form spherical, budding particles, which pinch off and are released into the environment. Freshly budded particles have an immature morphology; the Gag proteins are located around the periphery of the particle, under the plasma membrane-derived lipid envelope, giving a doughnut-shaped appearance. Soon after budding, the viral protease (PR) is activated and some of the peripheral material condenses into a cone-shaped core at the center of the HIV-1 particle. This is a mature virus particle.
The HIV-1 Gag polyprotein is composed of separate domains, which are (from the N to the C terminus) the matrix (MA), capsid (CA), nucleocapsid (NC), and p6 domains. Short spacer peptides are also present between the CA and NC domains (p2) and between the NC and p6 domains (p1). The viral protease cleaves Gag at the junctions of these domains to produce the mature structural proteins MA, CA, NC, and p6 as well as p2 and p1.
The functions of these domains during assembly are different from the functions of the mature proteins. The MA domain is important for the transport of Gag from within the cell to the plasma membrane. This domain is cotranslationally modified by the addition of myristic acid to the N terminus, and mutations or drug treatments which prevent myristylation also prevent the association of Gag with the plasma membrane. In these cases, particles assemble in the cytoplasm rather than on the plasma membrane (38, 46) . The CA domain appears to guide the arrangement of the Gag molecules during assembly. Even small mutations within the CA domain can prevent particle assembly (9, 10, 58) or alter the size of the particle (9, 10) . (By comparison, the CA domain of Rous sarcoma virus [RSV] can tolerate substantial deletions without preventing particle assembly [56] , although the size of the particle is altered [27, 56] ). As a mature protein, CA forms the shell around the viral core. The NC domain packages the viral RNA genome and promotes Gag-Gag interactions, presumably mediated by RNA binding (4) . As a mature protein within the virus particle, NC protects the RNA genome at the center of the core. The function of the p6 domain, during or after assembly, remains unclear. When Gag alone is expressed, the p6 domain can be deleted without causing any significant defect in particle assembly (22, 46) . However, in the context of the complete viral genome, deletion of p6 results in a late-assembly defect. In this case, particle assembly appears to proceed normally except that the particles remain tethered to the plasma membrane (18) . This defect is dependent on the expression of an active PR (24) .
The functions of these domains within HIV-1 Gag have primarily been identified through genetic analysis and examination of the properties of the mutant particles in vivo. The cellular environment is difficult to manipulate, and thus it is not clear whether the observed Gag mutant phenotypes are purely the result of defective Gag-Gag interactions or are due to interactions with cellular factors. Numerous cellular proteins have been confirmed (e.g., cyclophilin A) or are suspected to interact with Gag during assembly (for a review, see reference 40). Cell-free systems, involving the use of wheat germ or reticulocyte lysates, have recently been developed to study retroviral assembly (29, 47, 48, 55) . These systems are more amenable to manipulation, and the results from these studies suggest that at least one cellular protein, which requires ATP for activity, is critical for HIV-1 and Mason-Pfizer monkey virus Gag assembly (29, 55) . However, these systems also con-tain numerous cellular factors, making it difficult to identify purely Gag-Gag interactions.
A fully defined, in vitro assembly system which uses Gag protein, or fragments of Gag, expressed in Escherichia coli has been previously developed. The viral proteins can be purified in a soluble form, without denaturation, and used for in vitro assembly studies. Using this system for RSV Gag proteins, it was observed that purified proteins by themselves did not efficiently assemble into organized, virus-like particles. Efficient assembly required the addition of nucleic acid (only RNA, not DNA, was used in these studies). The CA-NC fragment of RSV Gag formed cylindrical particles with RNA (8), but when the protein was extended N terminally to also include the MA-p2-p10 domains of RSV, spherical particles were formed (7) . The spherical particles that assembled in vitro were similar in appearance to authentic, immature particles which had been stripped of their lipid envelopes (49) . Further analysis showed that the p10 domain was responsible for the spherical, rather than cylindrical, shape of these particles (7) . The CA-NC and CA-NC-p6 fragments of HIV-1 Gag also formed cylindrical particles with RNA (8, 20) .
We report here on the in vitro assembly properties of HIV-1 Gag and a Gag mutant missing the p6 domain (Gag ⌬p6). Both proteins formed spherical particles in the presence of nucleic acid. A wide variety of nucleic acids supported assembly, although there were upper and lower limits to the lengths of nucleic acids which could be used. However, the spherical particles which were formed in vitro were much smaller (ϳ30 nm in diameter) than HIV-1 particles formed in vivo (ϳ100 to 120 nm). These results suggest models for how nucleic acid, and possibly cellular proteins, may be used in assembly.
MATERIALS AND METHODS
Plasmids and cells. All plasmids were constructed by using common subcloning techniques and propagated in the DH5␣ strain of E. coli. After confirmation of their identity by restriction digestion, the plasmids were moved into the BL21 DE3 pLys S strain of E. coli for protein expression. The plasmids pET 3xc HIV CA-NC and CA-NC-p6 were previously used for bacterial expression of the CA-NC and CA-NC-p6 fragments, respectively, of the BH10 isolate of HIV-1 Gag and have been described elsewhere (8) . For expression of HIV Gag, the MA and CA segments of the gag gene of HIV-1 strain BH10 (plasmid BH10 gp II [GenBank; NIDg 326383], a generous gift from Hans-Georg Kräusslich) were amplified with a primer containing an XbaI site and an NdeI site, ATTAATCT AGACATATGGGTGCGAGAGCGTC (5Ј primer at the beginning of MA, including nucleotides [nt] 112 to 128) and a primer containing sequences within CA downstream of the PstI site, TTACTTGGCTCATTGCTTCAGCCA (3Ј primer within CA, nt 1199 to 1176). The amplified product was then digested with XbaI and PstI and cloned between the XbaI and PstI sites of pBluescript KS II(ϩ) (Stratagene). The NdeI-SpeI fragment of this sequence was then substituted for the NdeI-SpeI fragment of pET 3xc HIV CA-NC-p6 to create pET 3xc HIV Gag. The pET 3xc HIV Gag ⌬p6 construct was created by substituting the SpeI-KpnI fragment of pET 3xc HIV CA-NC for the same fragment of pET 3xc HIV Gag. The Gag ⌬p6 construct contains a termination codon after the last codon in p1 (resulting in the deletion of p6). The initial Gag ⌬p6 clones produced by this procedure expressed high levels of protein, and this protein was used for the experiments described herein. Subsequent sequencing analysis revealed that this clone contained two point mutations, a substitution of valine for alanine at position 37 (A37V) and Q63D. The wild-type sequence was recloned into this plasmid, using a ClaI-SpeI restriction enzyme digest of BH10 gp II, and confirmed by sequence analysis. The key experiments described herein were repeated with protein expressed from the wild-type clone; the two point mutations had no effect on the results.
Protein purification. E. coli BL21 DE3 pLys S cells were grown and induced for protein expression as described previously (7, 50, 51) . HIV Gag and HIV Gag ⌬p6 were purified by a protocol previously described for the purification of soluble RSV proteins (7) , except that 0.1% Nonidet P-40 (NP-40) was included in the initial lysis buffer.
A final purification step, involving the use of an antibody affinity column, was added to the procedure for purification of full-length Gag protein. A synthetic peptide (Chiron Mimetope, Clayton, Victoria, Australia) containing an N-terminal cysteine and the last 21 amino acids (DKELYPLTSLRSLFGNDPSSQ) of BH10 p6 was used to generate polyclonal rabbit antibodies against p6. Specific antibodies were affinity purified by using the C-terminal p6 peptide bound to a Sulfo-Link column (Pierce Chemical Company, Rockford, Ill.) according to the manufacturer's instructions. An HIV Gag affinity column was made by conjugating these antibodies to protein A-agarose (Boehringer Mannheim, Indianapolis, Ind.) according to the manufacturer's instructions. Partially purified HIV Gag was bound to the column at room temperature in a solution containing 20 mM Tris (pH 7.5), 0.5 M NaCl, 10 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride and then eluted with the p6 peptide (2 mg/ml) in the same buffer. Purified proteins (5 to 10 mg/ml) were stored in storage buffer (20% glycerol, 20 mM Tris [pH 7.5], 0.5 M NaCl, 10 mM DTT, and 1 mM phenylmethylsulfonyl fluoride) at Ϫ20°C.
In vitro assembly and analysis by EM. Protein at 5 mg/ml in storage buffer was slowly diluted fivefold (to 1 mg/ml protein and 0.1 M NaCl) by dropwise addition of 20 mM Tris (pH 8.0)-10 mM DTT (0.5% NP-40 was included when indicated in the text) at room temperature. When nucleic acid was used in the assembly reactions, it was added prior to dilution and at a nucleic acid/protein ratio of 4% (wt/wt) unless otherwise specified. The reactions were routinely allowed to proceed for 2 h prior to examination by sedimentation (60 min at 21,000 ϫ g in an Eppendorf model 5417R refrigerated microcentrifuge at 4°C) or by EM on Formvar-carbon-coated grids after negative staining with 2% uranyl acetate. E. coli cells expressing viral proteins were also examined for the presence of viruslike particles. For these assays, cells were collected by centrifugation 1 h after induction and processed for thin sectioning as described previously (7).
Nucleic acids. Yeast tRNA, E. coli rRNA, and bacteriophage MS2 RNA were purchased from Boehringer Mannheim. Total E. coli RNA was purified as described in reference 2. DNA oligonucleotides were purchased from Life Technologies Inc. (Gaithersburg, Md.). Oligonucleotides are designated according to sequence and length; i.e., TGTGT ϭ TG 5, TGTGTGTGTG ϭ TG 10, etc. In vitro RNA transcripts were made by using the T7 RNA polymerase, buffers, and protocols of Promega (Madison, Wis.). The template used for transcription was pNL4-3 H3, which contains a portion of the HIV-1 pNL4-3 genomic sequence downstream from a T7 promoter in pUC 19. The transcripts initiated at nt 454 (i.e., nt 1 of the genomic RNA [1] ) and terminated at various positions downstream. The longest transcript used terminated at nt 1507.
Cross-linking experiments. For cross-linking with dimethyl suberimidate (DMS; Pierce), the assembly reactions were carried out with the dilution buffer containing 20 mM HEPES (pH 8.5) instead of Tris. After 2 h, DMS in the same buffer was added for another hour, and then the reaction was stopped with 20 mM glycine (pH 2.5) prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
RESULTS

Purification and analysis of HIV-1 Gag expressed in E. coli.
We made two constructs for the expression of HIV-1 Gag proteins in E. coli, one expressing full-length Gag and the other expressing Gag ⌬p6 (Gag missing the p6 domain) (Fig. 1A ). Because these proteins were purified from E. coli, they were not myristylated at the amino terminus as they would have been if expressed in eukaryotic cells. When purified as described here, Gag ⌬p6 was soluble to about 10 mg/ml and was determined to be about 85 to 90% homogeneous by SDS-PAGE (Fig. 1B, lanes 1 and 2) . A slightly smaller degradation product, presumably the result of cleavage by a bacterial protease, was also present. However, the full-length Gag protein was extensively degraded (Fig. 1B, lane 3) ; only about 30 to 40% of the viral protein appeared intact. This has been observed by others (6, 12, 30) and appears to be due to cleavage near the C terminus of Gag during expression in E. coli. An affinity column to which were conjugated antibodies against the C terminus of p6 was used to purify the intact Gag away from the degradation products (Fig. 1B, lane 5) . The identities of all proteins were confirmed by N-terminal sequencing, migration in SDS-PAGE, and immunoblotting with anti-CA and -NC antibodies, as well as with anti-p6 antibodies in the case of Gag. Gag ⌬p6 protein was used in the majority of the following experiments because of the low yields of and difficulty of purifying the full-length Gag.
EM analysis of particles assembled in vitro. The CA-NC and CA-NC-p6 fragments of HIV-1 Gag have previously been shown to assemble in vitro into cylindrical particles under conditions of high pH (8.0) and low salt (0.1 M NaCl) in the presence of RNA (8) . We used the same conditions for assembly of Gag and Gag ⌬p6. Protein stored at Ϫ20°C in storage buffer was routinely thawed on ice and centrifuged at 21,000 ϫ g for 15 min prior to use. The supernatant was then diluted fivefold with 20 mM Tris (pH 8.0)-10 mM DTT. Under these conditions, EM revealed that both HIV-1 Gag and Gag ⌬p6 proteins formed sheets and occasional irregular round particles when incubated without nucleic acid (data not shown). These structures were similar to the ones formed by RSV Gag proteins in the absence of RNA (7, 8) . When nucleic acid was included in the reaction mixture, the solution quickly became visibly turbid on dilution. The turbidity settled to the bottom of the tube within a few hours. Examination of the reactions by negative-stain EM revealed that under these conditions Gag ⌬p6 formed numerous round particles, 25 to 30 nm in diameter ( Fig. 2A and B) . Our measurements were not sufficiently precise to determine whether this size range represented two species of distinctly sized particles (25 and 30 nm) or a gradation of different sizes (25 to 30 nm). Analysis of the negative staining pattern suggested that these particles are spherical; in most cases, the stain penetrated the particles, indicating that they were hollow or at least had regions of low protein density. A central mass of protein was frequently visible within the particles which had been penetrated by the negative stain. In some cases, 16 to 20 radial striations were visible around the circumference of each particle.
These reactions were routinely carried out at room temperature, and Gag ⌬p6 produced numerous particles at that temperature. In contrast, full-length Gag formed heterogeneous, elongated structures in the presence of RNA at room temperature (data not shown). These structures were interpreted to be protein-bound RNA strands which had not completely assembled into organized particles. At 4°C, both full-length Gag (Fig. 2C) and Gag ⌬p6 assembled into uniform, small particles identical in appearance to those formed by Gag ⌬p6 at room temperature. However, the number of particles produced by full-length Gag was very small, and the majority of the protein was present in elongated structures similar to those formed at room temperature.
Normal HIV-1 virions produced from infected or transfected cells have a diameter of approximately 100 to 120 nm. The particles produced in this study in vitro had a significantly smaller diameter. To determine whether the smaller size of these particles is the result of a specific set of conditions or is an inherent property of purified HIV-1 Gag, we varied several conditions, i.e., pH, salt concentration, type of nucleic acid (see below), and Gag protein concentration. In all cases in which particles were formed, they were still 25 to 30 nm in diameter (data not shown).
Retroviral Gag proteins, or fragments of Gag, have been shown to assemble into virus-like particles within E. coli (7, 26) . We performed thin-section EM on E. coli expressing HIV-1 Gag and Gag ⌬p6 in order to determine if HIV-1 Gag would form normal-sized particles in E. coli. As positive controls, we also examined E. coli expressing RSV Gag ⌬PR, which has been shown to assemble in E. coli (7) , and the CA-NC fragment of HIV-1 Gag, which forms 50-nm-diameter cylindrical particles in vitro (8) . Both RSV Gag ⌬PR and HIV CA-NC were observed to form the expected particles in E. coli, and these particles were readily apparent (data not shown). In contrast, HIV Gag and Gag ⌬p6 did not form any identifiable structures in E. coli (data not shown).
RNA requirements for in vitro assembly. The small particles were formed by Gag ⌬p6 when a wide variety of nucleic acids were added: total E. coli RNA (primarily tRNA and rRNA), E. coli rRNA (a mixture of 1.6-and 3.5-kb rRNA), yeast tRNA (ϳ90 bases), in vitro-transcribed RNAs (up to 1 kb) containing HIV-1 packaging sequences, and short DNA oligonucleotides. No differences between the particles which were formed with these different RNAs were observed. However, bacteriophage MS2 RNA (3.5 kb) did affect the formation of spherical particles. When products of assembly reactions with MS2 RNA were examined by EM, most of the protein seemed to have formed disorganized, elongated structures; however, some spherical particles were present. These were still only 25 to 30 nm in diameter, but many of them had extra material, or tails, associated with them (Fig. 2D) . We interpreted this to mean that only part of the RNA strand was used for assembly (e.g., 2 kb) and that the remainder was left as an extruded tail. This result suggests that there is an upper limit to the size of the nucleic acid which can be packaged into these particles, but determining the precise limit by EM would be difficult due to the extrusion of the extra RNA.
Particles can form from short DNA oligonucleotides. Having determined that there was an upper limit to the length of the nucleic acid which could be incorporated into spherical particles, we decided to find out whether a lower size limit existed. Initial experiments used arbitrarily chosen DNA oligonucleotides of various lengths and sequences. Using these oligonucleotides, we found that a length of 24 nt was sufficient for efficient particle assembly, as determined by EM (data not shown). To be more systematic in our approach, we next used oligonucleotides of defined length and sequence, i.e., multiples of 5 nt in length and either poly(dA) or poly(dTG) sequence. These two particular sequences were chosen because HIV-1 NC has been shown to have a significantly higher affinity for poly(dT-G) than for poly(dA) sequences (13) . We also used a precipitation assay to quantitate the multimerization efficiency. Assembly reaction mixtures were prepared with the different oligonucleotides at a fixed oligonucleotide/protein ratio. We included 0.5% NP-40 in these reactions because we had previously observed that a considerable percentage of the protein (30 to 50%) adhered to the sides of the tube in the absence of NP-40 (data not shown). Half of each assembly reaction mixture was centrifuged in a microcentrifuge for 1 h to produce a pellet and a supernatant fraction. We estimated that under these conditions, multimers of at least 30 to 50 Gag molecules would be pelleted. Figure 3 shows an example of the results of this assay for a particular set of conditions, while Fig. 4 shows a graphical summary of the results under all of the conditions tested.
Very little protein was precipitated in experiments in the absence of nucleic acid (Fig. 3, lane 2) or with poly(dTG) oligonucleotides of 5 or 10 nt at a 4% (wt/wt) oligonucleotide/ protein ratio (Fig. 3, lanes 5 and 8) , while the majority of the protein was multimerized with oligonucleotides of 15 nt or longer (Fig. 3, lanes 11 and 14) . In this experiment, we included as a control (Fig. 3, lanes 13 to 15) the arbitrarily chosen 24-base oligonucleotide (GGGCCCCAGTACTTACC AGGAAGG) which initial EM experiments had indicated was sufficient for particle formation.
We used the precipitation assay to find out how Gag ⌬p6 would behave with different ratios of protein to nucleic acid and whether the behavior depended on the nucleic acid sequence as well as on its length. We used poly(dA) and poly-(dTG)oligonucleotides of different lengths and at nucleic acid/ protein ratios of 0, 1, 2, 4, 8, and 16% (wt/wt) for the precipitation assay and quantitated the amount of precipitated protein on SDS-PAGE gels by using a densitometer. A nucleic acid/protein mass ratio was used instead of a molar ratio to facilitate comparison of oligonucleotides of different lengths. A nucleic acid/protein ratio of 4% (wt/wt) corresponds to about 6 nt/protein molecule, approximately the binding site size for NC on nucleic acids (13, 25) .
The results with poly(dA) oligonucleotides were the simplest to interpret (Fig. 4A) . Short oligonucleotides (10 or 15 bases) resulted in very little precipitation, although the amount of precipitation did increase at higher nucleic acid/protein ratios. A dramatic difference was observed when 20-, 25-, or 30-base oligonucleotides were used. These three curves were very similar. A significant amount of protein was precipitated at low oligonucleotide/protein ratios (1 to 2%). The amount of precipitated protein was very large (90 to 95%) and remained constant when A 20-30 was used at higher oligonucleotide/ protein ratios (8 to 16%).
The results with poly(dTG) oligonucleotides (Fig. 4B) were very different from those with poly(dA), and the oligonucleotides of different length could be placed into three groups according to their behavior. TG 10 supported very little multimerization, although it was significantly more efficient than A 10. TG 15 and TG 20 both resulted in efficient precipitation at low percentages of oligonucleotide (2 to 4%), but the amount of precipitation did not change significantly at higher oligonucleotide concentrations. TG 25 and TG 30 resulted in very efficient precipitation at low oligonucleotide percentages, but the level of precipitation declined dramatically at higher oligonucleotide percentages. Similar experiments using yeast tRNA or E. coli rRNA gave results similar to those obtained with TG 25 and TG 30 (data not shown).
Examination of the reaction products by EM confirmed these results: particles or multimeric complexes were observed only in reactions involving the use of longer oligonucleotides. Increasing the length of the oligonucleotides above the lower size limit [15 nt for poly(dTG) or 20 nt for poly(dA)] tended to increase the number of complete, spherical particles which were observed (data not shown). Inclusion of 0.5% NP-40 in the assembly reaction mixture did not noticeably affect the formation or appearance of the particles. The multimerization of Gag ⌬p6 was clearly affected by the length, sequence, and relative amount of nucleic acid.
Cross-linked protein complexes in the presence of nucleic acid. To gain a more detailed insight into how the multimerization process occurred, we performed chemical cross-linking on the products of the assembly reactions, using poly(dTG) and poly(dA) oligonucleotides (Fig. 5) . DMS, which cross-links primary amines, has been used previously to cross-link MA, CA, and NC proteins in mature avian sarcoma and leukemia viruses (42) (43) (44) and in both mature and immature murine leukemia virus (41, 42) . Assembly reaction mixtures with Gag ⌬p6 and oligonucleotides of increasing length (4% oligonucleotide/protein ratio) were incubated for 2 h prior to crosslinking with increasing concentrations of DMS (0 to 2 mM) and SDS-PAGE. Monomers and dimeric cross-linking products were present in all cross-linking reactions, even in the absence of oligonucleotides (Fig. 5, lanes 2 to 4) . Larger crosslinking products (e.g., trimers or tetramers) were observed only when the oligonucleotides were longer than 15 nt for poly(dT-dG) (Fig. 5, lanes 15 to 17) or 20 nt for poly(dA) (data not shown). The dimeric and tetrameric bands were more intense than the trimeric bands, suggesting that multimerization occurs through dimers.
Gag ⌬p6 multimers are disassociated by NaCl or RNase. The above results all suggest that the formation of multimeric complexes by HIV-1 Gag requires nucleic acid. However, assembly presumably involves protein-protein interactions as well as protein-nucleic acid interactions. Are these proteinprotein interactions sufficient to maintain the integrity of the multimeric complex once it has formed, or is the nucleic acid still required after assembly? We addressed this question by removing the nucleic acid from the particles with nucleases or by adding NaCl to assembled particles to disrupt the proteinnucleic acid interactions. Figure 6 shows an example of the precipitation assay using yeast tRNA, E. coli rRNA, bacteriophage MS2 RNA, or the TG 30 oligodeoxynucleotide. All of these nucleic acids were quite efficient at precipitating Gag ⌬p6 (Fig. 6A, lanes 5, 8, 11, and 14) . After assembly was   FIG. 3 . Precipitation of HIV-1 Gag ⌬p6 with poly(dTG) oligonucleotides (Oligo) of different lengths. HIV-1 Gag ⌬p6 (100 g at 5 mg/ml in a solution containing 20 mM Tris [pH 7.5], 0.5 M NaCl, 0.5% NP-40, and 10 mM DTT) was mixed with no oligonucleotide (lanes 1 to 3) or with a 5-base (lanes 4 to 6), 10-base (lanes 7 to 9), or 15-base (lanes 10 to 12) TG oligonucleotide or the 24-base arbitrary oligonucleotide referred to in the text (lanes 13 to 15). The reaction mixtures were then diluted fivefold in pH 8.0 buffer without NaCl (final conditions, 100 g [at 1 mg/ml] of protein, pH 8.0, 0.1 M NaCl, 0.5% NP-40, 10 mM DTT, 4 g of oligonucleotide) and incubated for 2 h at room temperature. The precipitates were pelleted by centrifugation in a microcentrifuge for 1 h. Equal portions of the total (T), pellet (P), and supernatant (S) fractions were analyzed by SDS-PAGE and Coomassie blue staining.
allowed to proceed for 2 h, NaCl was added to these assembled complexes to a final concentration of 0.5 M. Twenty minutes later, the protein complexes were centrifuged, and very little protein was present in the pellet (Fig. 6B, lanes 5, 8, 11 , and 14). When RNase A, instead of NaCl, was added at 0.1 mg/ml for 20 min, a similar result was observed, except that the complexes containing the TG 30 DNA oligonucleotide were not affected (Fig. 6C, lanes 5, 8, 11, and 14) . EM also revealed that no spherical particles remained after NaCl or (in reactions with RNA) RNase A treatment (data not shown).
We also performed cross-linking experiments to determine the extent to which the multimeric complexes had been disassociated. After assembly was allowed to proceed in the presence of TG 15 (Fig. 7) or TG 30 (data not shown), NaCl was added to 0.5 M and the cross-linking agent was introduced. Protein in 0.5 M NaCl, without nucleic acid, was also crosslinked as a control. We found that Gag ⌬p6 which had assembled with TG oligonucleotides in 0.1 M NaCl was efficiently cross-linked by DMS into larger multimeric forms (Fig. 7 , lanes 5 to 8), but only monomers and cross-linked dimers were present if 0.5 M NaCl had been added (Fig. 7, lanes 9 to 12) . The extents of cross-linking in 0.5 M NaCl with and without nucleic acid ( Fig. 7 ; compare lanes 1 to 4 with lanes 9 to 12) appeared to be about the same. A similar cross-linking experiment, using the RNase A-treated complexes formed with yeast tRNA (Fig. 6C) , also showed a reduction in the amount of cross-linked products larger than dimers (data not shown). However, this reduction (ϳ50%) was not as dramatic as the above-described results obtained with NaCl. Presumably Gag ⌬p6 can partially protect the RNA from RNase treatment, as has been shown for HIV-1 NC (53).
DISCUSSION
We have used an in vitro assembly system to examine the properties of recombinant HIV-1 Gag and Gag ⌬p6 proteins. These proteins were purified from E. coli as completely soluble proteins without denaturation. Since this system uses purified viral proteins, the results of this study represent the behavior of HIV-1 Gag proteins in the absence of other viral or cellular cofactors.
To the best of our knowledge, this is the first study of the in vitro assembly properties of isolated full-length HIV-1 Gag or of Gag which is lacking only the p6 domain. Other investigators have previously used in vitro systems to study the assembly properties of fragments of HIV-1 Gag. Purified HIV-1 CA can form rod-shaped or tubular structures in vitro (11, 20) neous in size (19, 54) . The CA-NC and CA-NC-p6 fragments of HIV-1 Gag also form tubular structures at low NaCl and protein concentrations if RNA is also included in the assembly reaction mixture (8, 20) .
The formation of HIV-1 Gag and Gag ⌬p6 particles in vitro occurred with a wide variety of nucleic acids. Using oligonucleotides of defined length and sequence, we have identified a minimal nucleic acid length which will support Gag ⌬p6 multimerization. This minimal length was found to be dependent on the nucleic acid sequence and may reflect the affinity of Gag ⌬p6 for the particular sequence. The results presented above are of particular importance in light of our current knowledge of how HIV-1 virions are assembled.
Retroviral Gag proteins are generally imagined to be shaped like tapered rods or cones: wide at the N terminus (MA) and narrow at the C terminus (NC). Thus, the proteins would naturally pack together to form a sphere, with the individual proteins extending radially inward from the N to the C terminus. This view is supported by EM analysis of immature particles, which reveals a striated pattern within the protein shell at the periphery of the particle (14, 23, 39, 57) . It is likely that the individual striations are Gag monomers. Based on the known dimensions of the mature HIV-1 MA, CA, and NC proteins (15, 16, 32-34, 36, 37, 52) , as well as cryo-EM of immature virus-like particles (14) , HIV-1 Gag is believed to be about 12 to 17 nm in length. These studies, as well as others (3, 45) , suggest that in a retroviral particle, Gag monomers are arranged in a roughly hexagonal network, with the centers of the hexagons being 5 to 7 nm apart. This organized packing may occur in patches or domains rather than over the entire particle (14) .
Our results suggest that the protein arrangement within the HIV-1 Gag ⌬p6 particles assembled in vitro is similar to the protein arrangement within in vivo particles, although the in vitro particles are much smaller (Fig. 2) . We also observed a striated pattern in the particles assembled in vitro. The spacing of these striations (16 to 20 striations around a 30-nm-diameter particle ϭ 5 to 6 nm between striations) is consistent with the protein arrangement within in vivo particles. We estimate that each 30-nm particle contains approximately 80 to 120 Gag ⌬p6 molecules, assuming that the striations observed also represent individual Gag monomers (with each striation occupying 25 to 36 nm 2 [(5 to 6 nm) 2 ] of the surface area [ϳ2,800 nm 2 ] of a 30-nm-diameter particle). The fact that Gag ⌬p6 particles were disrupted by RNase treatment suggests that RNase can gain access to the center of the particles, presumably through the porous packing network. The Gag ⌬p6 molecules should be of sufficient length (12 to 17 nm) to extend almost to the center of the 30-nm-diameter particles reported here. This may explain why particles made in vitro from full-length Gag formed only in the cold; there may not have been enough room within the particles to include the p6 domain except under conditions of low thermal vibrations. The negative staining pattern of these particles indicated that a central protein mass (presumably NC and/or CA) was separated from the surface of the particle (MA) by a less-protein-dense region which was filled with stain. This is consistent with the radial density plot for HIV-1 Gag virus-like particles observed by cryo-EM (14) , in which two shells of high protein density are separated by a region of lower protein density.
In this study, both HIV-1 Gag and Gag ⌬p6 assembled into small (25-to 30-nm-diameter) spherical particles in vitro. This is significantly smaller than the size range (100 to 120 nm) for HIV-1 particles assembled in vivo. The small size of the in vitro particles remained constant under all of the conditions which supported assembly. However, when the same recombinant protein was incubated in the presence of cellular lysates, larger particles were formed (unpublished data). Some factor(s) present within the cell lysates must therefore be responsible for the formation of normal-sized virus-like particles. It seems likely that neither RSV nor Mason-Pfizer monkey virus requires such a factor(s), since purified Gag proteins from these viruses assemble into normal-sized particles in vitro (7, 26) . We have not yet identified the responsible factor(s) or determined how it interacts with HIV-1 Gag.
The process by which retroviral Gag proteins multimerize and assemble into particles is not well understood. One of the most striking aspects of the HIV-1 Gag proteins studied here is the absolute requirement for nucleic acid in the assembly of particles in vitro. We found that assembly could occur on short oligodeoxynucleotides (Fig. 3 to 5 ) as well as on RNA. Furthermore, nucleic acid was required for maintaining the multimeric complex after it formed, since treatment with nuclease or NaCl disrupted preformed multimers ( Fig. 6 and 7) . The formation of an organized virus-like particle must also involve protein-protein interactions, in order to produce the spherical shape. Therefore, the assembly process depends on both protein-nucleic acid interactions and protein-protein interactions. However, these protein-protein interactions must be rather weak since the particles are disrupted when the protein-nucleic acid interactions are eliminated by nuclease treatment.
It is significant that oligonucleotides with as few as 10 to 15 bases are sufficient for multimerization ( Fig. 3 and 4) . The assembly of large numbers of Gag proteins on such a short nucleic acid implies that many nucleic acid molecules, as well as many Gag molecules, are incorporated into each multimeric complex. Thus, assembly requires that the Gag molecules not only bind to nucleic acid but also straddle or bridge the gap between individual oligonucleotide molecules. The observation that Gag ⌬p6 cross-linked products were produced as multiples of two ( Fig. 5 and 7) suggests that multimerization occurs through the formation of Gag dimers. It is possible that 10 to 15 bases represents the minimum length to which two Gag molecules can attach, so that at each end a Gag dimer can bridge the gap to another oligonucleotide molecule. The net result would be a chain of protein dimers linked together by nucleic acid. The formation of large multimers might be more efficient with longer nucleic acids, including dimeric viral RNA, because fewer bridging events would have to occur at the ends of the nucleic acid. Additional protein-protein interactions would then cause this protein-nucleic acid chain to wind up into a spherical particle. This model is basically a refinement of one proposed earlier for the assembly of RSV particles in vitro (7, 8) .
We also found that poly(dA) and poly(dTG) oligonucleotides differ in their ability to support multimerization of Gag ⌬p6 in vitro (Fig. 4) . Since free NC protein has different affinities for these sequences (13) , this difference in the ability to support multimerization strongly suggests that the Gag ⌬p6 molecules bind nucleic acid by their NC domains. However, the sequence-dependent differences were restricted to a very limited set of conditions, i.e., low concentrations of 10-to 15-base oligonucleotides and high concentrations of 25-to 30-base oligonucleotides.
While we do not fully understand the significance of the discrimination between dA and d(TG) oligonucleotides with respect to their ability to support multimerization in vitro, it seems likely that further experimentation in this area will provide us with important information. The d(TG) oligonucleotides, for which the NC domain of Gag presumably has a high affinity (13) , were significantly more efficient than the dA oligonucleotides at the shortest lengths tested (i.e., 10 to 15 bases). This result suggests that with very short oligonucleotides, the strength of the Gag-nucleic acid interaction can be a limiting factor in the multimerization process. In contrast, at lengths of 25 bases or more, high concentrations of d(TG), but not dA, oligonucleotides inhibited multimerization. Perhaps the central portion of a relatively long d(TG) molecule can act as a sink, binding Gag proteins in a region in which they are unable to undergo bridging interactions with other oligonucleotides, or with Gag molecules on other oligonucleotides, as required for multimerization. The inhibitory effect of longer oligonucleotides on assembly was observed only with highaffinity d(TG) oligonucleotides and only when protein concentrations were not saturating, but not with lower-affinity dA oligonucleotides or, presumably, with other low-affinity oligonucleotides. Since viral genomic RNA, as well as other cellular RNAs, probably contains few high-affinity binding sites but many more lower-affinity binding sites, this inhibitory effect should not prevent assembly in vivo, where the protein concentrations may be less than saturating relative to the available RNA.
It has been known for many years that retroviral assembly in vivo is independent of the presence of genomic RNA. That is, while assembly is normally accompanied by an exquisitely specific protein-RNA interaction (i.e., packaging of genomic RNA), this interaction is completely unnecessary for assembly. Retrovirus particles are still produced from mutants which do not package genomic RNA (for a review, see reference 5) and in cells lacking packageable genomic RNA (28, 31) . In these cases, the particles do not contain genomic RNA and are sometimes referred to as RNA-less or empty. However, upon closer examination, it is evident that these particles, like normal virions, still contain a substantial number of small cellular RNA molecules (17, 28, 35) . We have found that nucleic acid is necessary for assembly in vitro, yet genomic RNA is clearly not required for assembly in vivo. Therefore, either (i) nucleic acid is not required for assembly in vivo or (ii) the small cellular RNAs can support assembly in vivo.
In one possible model, in every normal virus particle, the majority of the Gag proteins would use these small RNAs as structural components during the assembly of the particle. Meanwhile, a small percentage of Gag would specifically package the genomic RNA into the particle. Thus, every particle would have both genomic and nongenomic RNA, with the majority of Gag being bound to the nongenomic RNA and with the genomic RNA being essentially naked except at the specific packaging sequence(s). Alternatively, Gag might use the genomic RNA as a structural component during assembly.
If Gag was produced in the cell in excess over the amount of packageable genomic RNA, the remaining Gag might then use nongenomic RNA for assembly. The resulting particles would thus consist of two populations, those containing primarily genomic RNA and those containing only nongenomic RNA. Further analysis of authentic virions will be necessary to test this hypothesis. In summary, we have shown that HIV-1 Gag polyprotein is capable of self-assembly into regular, ordered structures. This assembly process requires the presence of nucleic acid, but we have found little evidence of specificity with respect to the identity of the nucleic acid. The spherical particles which are formed under these conditions are much smaller than authentic virions. It seems likely that some factor in vivo alters the normal radius of curvature with which the proteins assemble, but the nature of this putative factor is not yet known.
